With global climate change and impacts of human activity, the water cycle, which has a close relationship with local water resources, has changed rapidly. Based on different greenhouse gas emission scenarios, five relatively independent global climate models are selected from 47 CMIP5 models to simulate future climatic conditions. Data are downscaled to the local projection, with bias neutralized before applying them to the hydrological models, by which availability of future water resources are calculated for the Dongting Lake basin. The results show that the water resources of the Dongting Lake basin are likely to increase in the future, but be distributed more unevenly. All scenarios indicate that water availability will increase during the flood season and decrease during the dry season, with a prominent increase in annual discharge. The scenarios also predict that the greater the greenhouse gas emissions, the more uneven the water distribution becomes. Overall, the water resources of the Dongting Lake catchment show the same increasing and unevenly distributed trend in the future, which could be further accelerated by human activities.
Introduction
The Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC), which was released to the public in September 2013, provides a clear and up-to-date view of the current state of scientific knowledge relevant to climate change. It consists of three Working Group (WG) reports: The Physical Science Basis (IPCC 2013), Impacts, Adaptation and Vulnerability (IPCC 2014a), and Mitigation of Climate Change (IPCC 2014b) . The WGs carried out a new assessment on climate change on the basis of the Fourth Assessment Report, which was published in 2007. The evaluation showed that drought frequency will likely increase in dry basins by the end of the 21st century; while, in contrast, water availability is predicted to increase at higher altitudes. Monsoon-affected areas will increase, and thus monsoon rains will be enhanced. However, the monsoon period is likely to be extended, but with a weaker atmospheric circulation. An even greater agreement among the reports is for increasing climate-change-related risks from extreme events, such as heat waves, extreme precipitation, and coastal flooding. Their probabilities are higher in high confidence. Risks associated with some types of extreme events (e.g. extreme heat) increase even further, especially in overpopulated area such as East Asia (Lee et al. 2012) .
In the Dongting Lake basin, the impact of climate change is expected to be acute on account of climatic variability because of its high reliance on climate-vulnerable factors such as agriculture and fishing, as well as density of population. This lake is located in a humid and rainy basin with average annual rainfall of 1427 mm, and is China's second largest freshwater lake. Due to the uneven distribution of precipitation and water resources, flooding was the main disaster in the Dongting Lake catchment before 2000. In order to control flooding, the Chinese government built a lot of flood-control embankments and dams to prevent local flood disasters (Lai et al. 2013) . Since 2000, with the decrease of rainfall and increase in human activities, areas downstream of Dongting Lake basin have been facing a serious problem of water shortage and pollution (Lai et al. 2014) . Drought frequency has affected local water supply and agriculture, and water resources stress has been getting worse due to climate change and human activities (Chen et al. 2001) .
Climate change is expected to be the main factor for variations of water resources in the Dongting Lake basin (Zhang et al. 2006) . Efforts are being made to understand the potential threats to sustainable use of water resources in this basin (Li et al. 2008) . Previous researches have shown clear evidence that the average annual temperature of Dongting Lake rose slowly from the 1970s and then dramatically after the 1990s (Wang et al. 2006) . Zhang (2013) used the Special Report on Emissions Scenarios (SRES) of Coupled Model Intercomparison Project 3 (CMIP3) to predict the middle-lower reaches of the Yangtze River basin, of which the Dongting Lake basin is one of the largest sub-basins. His research predicts that the average annual temperature is likely to be higher when predicted precipitation increases by 4% to 10% from 2011 to 2040.The local government has taken some measures to face the threat of climate change as its economy mainly relies on agriculture (Ting et al. 2010) .
The overall objective of this study is to quantify the water resources in the Dongting Lake basin at different emission levels. The results of this study will be helpful in understanding the trend of water resources at different emission levels, and will provide a technical basis for the government as a decision support tool for designing relevant policies and activities.
Methodology
Projection of water availability in the Dongting Lake catchment is explored based on different emission scenarios. After being downscaled to the proper resolution, the corresponding precipitation and temperature projections are used to drive a hydrological model. The bias generated during this process is corrected by comparing simulated projections with observed historical datasets. The corrected bias data are then applied for generating future projections.
Input data

Observed data
The local water resources of Dongting Lake are made up of two parts. The first major source is the four rivers, Xiang, Zi, Yuan and Li, which drain into the lake, and the second source is the lake's own water body ( Fig. 1(a) ). Observed data used in this study are precipitation, temperature and runoff depth. Historical annual precipitation datasets for 1960-2010 in the Dongting Lake basin are available from a network of 522 local raingauges ( Fig. 1(b) ). These data are interpolated as a catchment-scale grid by the inverse distance interpolation method. Likewise, observed temperature and runoff datasets are available from 76 control hydrological stations for 1960-2010, and these are assigned to each sub-basin with runoff and monthly average temperature.
Numerical model data
CMIP5 has collected 29 model groups and provided more than 60 products (Taylor et al. 2012) . The products are released to the public gradually, and offer many scientific clues to climate change research. The output format of the products is PCMDI (Program for Climate Model Diagnosis and Intercomparison) and it consists of historical simulation results and future projections of precipitation and temperature. Products are of different spatial resolution. To facilitate comparison, this paper interpolates data of selected products into a 1°× 1°bilinear grid. The period 1970-2000 is chosen as the reference period and 2015-2075 for future climate projections.
CMIP5 is based on a set of pathways named RCPs (representative concentration pathways) developed for the climate modelling community as emission scenarios assumptions (Knutti et al. 2013) . The word "representative" signifies that each of the RCPs represents a larger set of scenarios available in the current scientific literature. "Concentration" emphasizes that concentration is used as the primary product of the RCPs. "Pathways" are sets of projections of the components of radiative forcing that are used in subsequent phases (Moss et al. 2010) . There are four RCP types of possible future scenarios: RCP2.6, RCP4.5, RCP6.0 and RCP8.5. The assumptions of each pathway are presented in Table 1 (Li et al. 2010) .The main characteristics of each RCP are presented in Table 2 . This study selects high, medium and low emission scenarios (RCP8.5, RCP4.5, RCP2.6) for the future water resources assessment of the Dongting Lake catchment.
4 Model selection and similarity
Model selection
Typically, the models are supposed to reach the same ending of radiative forcing in the year 2100, with the underlying assumption that different models provide statistically independent results that are evenly distributed around the true state. However, the fact is that NorESM1-ME some models are designed and constructed in a similar way. Some utilize similar resolution, numerical schemes and parameterizations; some share parts of the same code; while some are being developed in the same centre (Knutti et al. 2013) . The "same centre" problem could lead to error amplification with the averaging approach adopted. Therefore, we should seek statistically independent models to evaluate the water resources of the Dongting Lake basin (Pennell and Reichler 2011) . Calculation of independent algorithms The following algorithms are used for deriving different values for the purpose of this study:
(a) Normalizing the difference between historical simulated (f) and observed (o) data.
where σ n is the observed standard deviation, m is the model (1, 2, 3,. . ., m), and n is the grid-point (1, 2, 3, . . ., n); e n;m can be expressed as a vector e m ¼ e 1;m ; e 2;m ; e 3;m ; . . . ; e N;m for special patterns. (b) Climate models have similar biases that result in correlated error patterns (Reichler and Kim 2008) , which are characterized by the multi-model average error (MME) and calculated using:
where e is the MME.
(c) Eliminating the impact of a similar error: subtract the scaled standardized MME pattern from the standardized model error field:
where ( ) Ã indicates statistical standardization, r is the correlation between the mth model's error field and e. After removing e, the correlation is zero by construction. (d) Calculating model similarity: calculate the correlation between models in spatial data when e is removed, then analyse with the hierarchical cluster method:
According to the results of the cluster analysis (Fig. 2) , the models were divided into five independent groups. Based on the next three scenarios, this study chose five models to predict the future water availability in the Dongting Lake basin based on the following criteria:
• The projected data for models of each RCP should be available.
• The temperature that best matches the patterns of precipitation should be chosen.
• The application of the results of models from adjacent basins should be considered.
Finally, we get five models as listed in Table 3 .
Model revision
Numerical coupled models, based on the governing physical laws and expressed in the form of primitive equations, represent large-scale flow patterns and dynamics for Earth system components, including oceans, sea ice, land surface temperatures, precipitation and atmospheric circulation. But the ability of these models to capture the climatic characteristics at a basin or watershed level is often unsatisfactory, especially for precipitation (Wood et al. 2004) . It is difficult to meet the needs of practical hydrological applications due to the existence of several sources of errors. Firstly, the numerical simulation selection formula does not accurately reflect the full force of atmospheric physics (Hoke and Anthes 1976) . Secondly, rounding in the calculation process may lead to amplification errors (Collins et al. 2011) . Thirdly, the initial field cannot describe the real state in detail (Palmer 2001) . Finally, in the downscaling process, the downscaling approach used, either physical or statistical, can lead to extra errors. Therefore, it is important to develop a simple and effective method to revise the product of climate models. The basic idea is to Highest greenhouse gas emissions establish a statistical relationship or "transfer function" between model outputs and observations based on reliable historical datasets and then to apply the relationship to future projections to infer the possible trajectory of future projections. In this paper, we use the equidistant cumulative distribution functions matching method (EDCDFm) for bias correction (Li et al. 2010) .
The method can be expressed as ( Fig. 3 ):
where F is the CDF of either observation (o) or model (m), c refers to current climate and p refers to future projection period. A four-parameter beta distribution is fitted to the temperature fields:
Temperature is in line with the four-parameter beta distribution, where B is the beta function; a and b are the extreme values from the datasets that can be extended by a certain percentage of the standard deviation σ; p and q are the shape parameters estimated by the maximum likelihood estimation method. Details are as follows:
Precipitation is intermittent in nature. A mixed gamma distribution is constructed to account for this feature. It can be written as:
where P is the percentage of months with rain, H(x) is a step function whose value is 1 with rain and 0 without rain. A two-parameter gamma distribution is built as follows: 
5 Water resources calculation
Evaporation coefficient calculation
The Dongting Lake basin is located in the subtropical humid monsoon climate zone. We therefore approximate that the basin is in the state of being filled for the purpose of calculating water availability. If the basin is in the state of fully filled and the groundwater is also in the state of being saturated unaltered, the amount of rainfall infiltration and baseflow are equal. Therefore, water resources equals precipitation minus evaporation.
Evaporation capacity is calculated using the BlaneyCriddle formula:
where P is the percentage of daytime hours and t mean is the monthly mean temperature. Actual evaporation is given by:
where k c is the evapotranspiration conversion coefficient. Observed precipitation, temperature and runoff data are converted into raster data. Local evapotranspiration (ET) is obtained by subtracting the precipitation from runoff:
It is difficult to measure the actual evaporation of Dongting Lake. The observed evaporation data from hydrological stations are selected to get the mean ET of the whole lake. Dividing the mean ET by the local PET, we can get k c for the lake:
Water resources calculation
The future water availability of each raster is the difference between precipitation and evaporation:
Results
Based on the above algorithms, we calculate the future water availability of the Dongting Lake basin in two parts: the next 30 years (from year 2016 to year 2045, hereinafter referred to as 30A) and a second future 30 years (from year 2046 to year 2075, hereinafter referred to as 30B). These two periods are used to analyse the water resource changes of this basin in different emission scenarios. A wet season month is defined as a month where average precipitation is more than the average monthly precipitation. According to observations, wet season months in the Dongting Lake basin occur from April to October and dry season months from November to March.
Water resources sum difference
In this section, the projection of water resources is compared to historical data to investigate the trends of changes in water resources (Table 4) . Although the results of the five selected models in all emission scenarios are different, they all project the similar major trend of increasing water resources. The annual average discharges projected by three models (out of a total of five models) are greater than the historical average, especially in 30B, which indicates the high probability of increasing water resources with proceeding time. Meanwhile, as the emission levels increase, water resources in dry seasons appear to decline while the annual average tends to increase, which accounts for the tendency of uneven time distributions of water resources.
Years of anomalous water resources change
To understand the uneven time distribution of water resources in different scenarios further, the numbers of years of anomalous water resources are listed in Tables  5 and 6 . The numbers of anomalous years in major models appear to be increasing in the three emission scenarios. Under RCP2.6, the average annual and flood season discharges are projected to be higher than historical data in three and four models, respectively, during 30A. Two of these models (CanESM2 and NorESM1-M) also project an increase in events during non-flood seasons, which indicates that there is higher probability of increases in annual average and flood season availability and lower probability for non-flood season. During the 30B period, all the annual averages, flood seasons and non-flood seasons have higher probability of increase, and so does emission scenario RCP4.5. In emission scenario RCP8.5, annual average and flood season have higher probability of growth, and conversely for the nonflood season.
For the decline of anomalous years of water resources, the change seems less. In emission scenario RCP2.6 the number of anomalous years of annual average and flood season tends to decrease, but for the non- Table 4 . Sum ratio of projections of water resources based on five models using historical data. Table 6 . Number of anomalous decrease events in water resources (20% less than historical average data as threshold). flood season four models during 30A and three models during 30B are respectively more than historical data. In emission scenario RCP4.5 the non-flood season during 30A will tend to be increased, while in emission scenario RCP8.5 both the annual average and non-flood season are more likely to be increased. Overall, in all three emission scenarios the number of years of anomalous water resources growth is increasing, especially for the 30B period, except for the non-flood season in high emission scenario RCP8.5, and the number of anomalous years of water resources decline is relatively steady, except for the non-flood season in RCP2.6 and RCP8.5, which demonstrates the tendency of both an increase in water availability and uneven time distribution.
Mann-Kendall trend test
The Mann-Kendall (M-K) trend test analysis method is a non-parametric statistical test method. This test method does not require that the original data should comply with a specific probability distribution, but only needs time series with an independent random distribution (Hamed and Ramachandra 1998) .
The M-K test results (Table 7) show that the water yield of the Dongting Lake basin increases slowly in emission scenario RCP2.6, but more prominently in RCP4.5. However, in RCP8.5 the water yield apparently increases during the flood season and decreases during the non-flood season, with the total annual yield increasing prominently, which also implies the same tendency as concluded above.
Spatial variation of water resources
The average runoff depth for years 2016 to 2075 at subcatchment scale was calculated based on five climate model predictions, then reduced by the measured annual runoff depth to attain the percentage changes of projected runoff depth shown in Fig. 4 . In all emission scenarios, large parts of the catchment show growth, but the southwest part of the Yuan River catchment suffers from declining water resources due to the geographic conditions. The HengShao drought corridor is located in this region and it is likely to suffer from more droughts in the future. For different scenarios, the variability is mainly located in the north: in the RCP4.5 and RCP8.5 scenarios the runoff grows by about 10-20%, in RCP2.6 the runoff decreases slightly.
Conclusion and discussion
The future trend of water resources in the Dongting Lake basin has been assessed based on projected precipitation under different emission scenario assumptions and hydrological models. The results show a good match with AR5, in that the water resources of the Dongting Lake basin as a whole are likely to increase in future (Feddema et al. 2005) . Also, the water resources are projected to be distributed more unevenly for both annual and inter-annual availability.
The possibility of flooding in wet seasons is a little higher for the next 30 years and much higher in the second 30 years, while the possibility of drought exhibits the same trend in the dry season. Although the greenhouse gas emission pathways of the three RCPs are different, the trend in future water resources for both annual and inter-annual availability and distribution is overall the same. In RCP8.5, where greenhouse gas emissions are the most severe, the absolute change is the most significant. In contrast, in RCP2.6, the variation of water resources is more temperate. The spatial variation characteristics of water resources from different RCPs are similar, except for the north part of the basin: in the RCP4.5 and RCP8.5 scenarios the water resources grow, while in RCP2.6 the water resources decrease slightly. It is possible that human activities might not reverse climate change, as it is a very complicated system which has its own path and destination. But human activities can accelerate its pace and result in a quicker change. The results thus emphasize that the Government of China must make concentrated efforts in properly managing the water resources of the Dongting Lake basin to capture the predicted variations in water availability. Because of a net increase in flow in the basin, there may not be an adverse impact on fulfilling demand by the major water use sectors: domestic, irrigation, industry and livestock in the basin. However, there could be an adverse impact through increased flood flow. To improve the accuracy of projection of water resources, the selection and correction of models needs more study. With developments in downscaling methods and availability of higher resolution climate data, accuracy can be improved, which may help further study of the water resources and related disasters of the Dongting Lake basin.
